Introduction
There is a growing interest in high-temperature electrolysis cell technology today for producing hydrogen and/or syngas, since these fuels are considered important in future energy systems.
Electrolysis in molten carbonate salts at high temperature (typically 650 °C) is a promising option, especially when combining with renewable electricity resources such as wind power and/or solar energy. Some researchers have evidenced the possibility of electrolysis in molten carbonates but mainly by converting CO 2 into CO [1] [2] [3] [4] . But most experiments were performed on flag electrodes, which are different from porous electrodes as concerns electrode surface and mass-transport properties.
Our previous study [5] has shown that it is feasible to run the molten carbonate fuel cell reversibly with conventional Ni-based porous electrodes at 650 °C. Lower polarization loss has been found for the electrolysis cell than for the fuel cell, mainly due to the NiO electrode performing much better as anode in MCEC mode [5] . The activity of the NiO electrode gives the dominant contribution to the performance of the cell, regardless of fuel cell or electrolyzer operation. Thus it is essential to elucidate the kinetics on the NiO porous electrode for oxygen reduction in the fuel cell, as well as for oxygen production in the electrolysis cell.
However, the kinetics and reaction mechanism on the NiO porous electrode as an anode for oxygen production in MCEC mode are still unknown. Then a feasible path is to understand whether the reversed process of oxygen reduction takes place on the NiO electrode or whether there are some other electrochemical/chemical reaction pathways in electrolysis operation. Several reaction mechanisms for the oxygen reduction reaction in the fuel cell mode have been discussed in the literature [6] [7] [8] [9] [10] [11] [12] , see Table 1 . The corresponding reaction orders of oxygen and carbon dioxide for these five mechanisms have been reported by Makkus [13] for varying rate-determining steps (rds). According to Appleby and Nicholson [6] [7] [8] , in pure lithium and lithium rich melts the peroxide (ܱ ଶ ଶି ) mechanism was suggested, while the superoxide (ܱ ଶ ି ) path seemed to be involved in sodium and potassium-rich melts for oxygen reduction. Dunks and Stelman [9] and Takahashi [10] proposed the mechanism based on peroxycarbonate ‫ܱܥ(‬ ସ ଶି ) ion. Kunz et al. [11] suggested oxygen mechanism I to evaluate the concept of the homogeneous/agglomerate model. Makkus et al. [12] discussed oxygen mechanism II for the thin-film model. All proposed mechanisms consist of two or more single electron transfer reactions.
All these five reaction mechanisms show the same final recombination reaction step
Kunz and Murphy [14] , Lu and Selman [15] , and Peelen et al. [16] suggested that this recombination reaction is possibly the rate-determining step in porous electrodes under MCFC conditions, due to the low reaction rate. Table 1 Reaction mechanisms for oxygen reduction reported in the literature [6] [7] [8] [9] [10] [11] [12] . 
Sugiura et al. [17] suggested separation of CO 2 in a molten carbonate fuel cell (MCFC) device. One of the options suggested was to use reaction (2) as anode reaction in the device.
This paper aims to study the kinetics and reaction mechanism of the NiO porous electrode for oxygen production in MCEC operation. For this purpose the general procedure is to determine the reaction orders of oxygen and carbon dioxide. Thus the steady-state polarization data are investigated for varying gas compositions and operating temperatures. The exchange current densities, differing with the concentration of the electroactive species and the temperature, are calculated numerically from the slopes of the polarization curves at low overpotential. Based on this, the partial pressure dependencies of oxygen and carbon dioxide could be evaluated. Meanwhile, a possible reaction mechanism is proposed for oxygen production on the NiO porous electrode in MCEC mode.
Experimental
The cell set-up used in this study is identical to that described in a previous study [5] . , while the reference gas has a flow rate of 20 ml·min -1 . All the gases used in the experiments are certified gas mixtures from AGA Gas AB, Sweden. The polarization curves are measured using a Solartron Interface SI1287 supported by CorrWare software. The current-interrupt technique is used to separate the ohmic loss from other types of polarization. In this paper, the negative current density refers to the electrolysis mode, shown in the figures below.
Theory
Elucidating the kinetics and mechanism of reaction (2) is generally done by determining the partial pressure dependencies of oxygen and carbon dioxide. The same method was used to understand the hydrogen production on the cathode side, the Ni electrode [18] . When analyzing kinetic data it is important to consider the current distribution along the depth of the NiO electrode due to its porous characteristics [19] . The current distribution is determined by the combination of the electrode intrinsic activity, its specific surface area, the effective diffusion path lengths of electroactive species, and the effective conductivities of the electrolyte and electrode. In the present study the polarization data are analyzed only at a low overpotential range, where the electrode is assumed to be mainly under charge-transfer limitation and the influence of mass-transfer limitation is negligible. According to Lagergren and Simonsson [20] , in order to take the current distribution into account when analyzing data, the expression for the total polarization resistance is
where
‫ܮ‬ is the electrode thickness, ߢ ଵ and ߢ ଶ are the effective conductivities in the electrode and electrolyte phases, respectively. ܵ is the exterior agglomerate surface area.
There are two limiting cases of Eq. (3), in which ܽ approaches either zero or infinity. These two cases refer to uniform and uneven current distribution, respectively.
According to Eq. (3), the ohmic loss, ச భ ାச మ , due to the finite conductivities of the electrolyte and the electrodes, is included in the total polarization resistance. In this study the current-interrupt technique is used to correct the iR drop, and therefore the experimentally obtained polarization data does not contain the ohmic contribution.
The partial pressure dependencies of oxygen and carbon dioxide can be expressed as
where ݅ is the standard exchange current density, and ‫ݔ‬ and ‫ݕ‬ denote the reaction orders of oxygen and carbon dioxide, respectively.
Results and Discussion
In Fig. 1 the iR-corrected polarization curves for different gas compositions at 650 °C are shown. The blue curves in the figure correspond to the performance of the NiO electrode with the standard inlet gas of 15/30/55% O 2 /CO 2 /N 2 in the electrolysis operation. The red symbols refer to the gases with lower content than the standard level when changing O 2 and CO 2 partial pressures separately, while the green symbols refer to the gases with higher concentration. In Fig. 1 (a) the polarization loss of the NiO electrode decreases gradually when increasing the concentration of O 2 from 1.5 to 30%. The polarization curves show a tendency to bend downward at high current densities, and under lower O 2 content that bending is observed even at the low current density. It seems that mass-transfer limitation does not take place at high current density, otherwise the curves would be bending upward. When
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Faraday Discussions Accepted Manuscript increasing CO 2 content in the range of 2.5-20%, the activity of the NiO electrode shows a slow improvement in oxygen production at 650 °C, as shown in Fig. 1(b) . But with the increase of CO 2 from 20 to 40% only a very small impact on the polarization loss of the NiO electrode is observed also at high current density.
In order to make a more thorough analysis of the polarization data, the electrochemical performance of the NiO electrode was investigated within a low overpotential range, < 45mV, at 600-650 °C. Varying the concentration of O 2 within the range of 1.5-30% gives the quasi-linear characteristic of the iRcorrected curves at all measured temperatures visualized in Fig. 2 . Increase of O 2 content improves the NiO electrode for oxygen production in the electrolysis operation. However, the impact of CO 2 concentration on the polarization performance of the NiO electrode is strongly dependent on temperature, as shown in Fig. 3 . At 600 °C, increasing CO 2 from 2.5 to 10% gives only a small improvement of the performance of the NiO electrode, while a contrary tendency of slowly poorer behavior of the electrode takes place when increasing CO 2 to higher concentration (40%). In Fig. 3(b) the polarization loss of the NiO electrode decreases gradually as the CO 2 concentration rises from 2.5 to 15%, and then it shows a very small increasing trend of the electrode polarization with increasing CO 2 in the range of 15-40% at 625 °C. When reaching 650 °C the NiO electrode has an improved activity for oxygen production when containing 2.5-20% CO 2 , and the electrode performance remains almost stable within the partial pressure range of 20-40%, seen in Fig. 3(c) . The carbon dioxide content affecting the performance of the NiO electrode for oxygen production varies with the temperature. It is assumed that the electrode in this low overpotential range is under kinetic control as it is not necessary to take mass-transfer limitations in consideration. All the measured polarization curves are quasi-linear, from the slopes of these curves the polarization resistances, Table 3 . It is assumed that the NiO electrode has a pseudo-homogeneous structure and that the electrode reaction takes place mainly at the exterior surface of the agglomerates [19] . Assuming that the agglomerates are spherical and have a radius of 5 µm, the external agglomerate area, ܵ, is estimated to be 3·10 5 m -1 [19] . The effective conductivity of the porous NiO electrode is in the order of 1000 S·m -1 [20, 21] . The effective conductivity in the pore electrolyte was measured to be 0.9-2.2 S·m -1 at 650 °C [22] . Thus in this work the effective electrolyte conductivity at 650 °C is set to 2.0 S·m -1 , from which the values of 1.7
S·m -1 and 1.8 S·m -1 were calculated at 600 and 625 °C, respectively, using the Arrhenius equation [23] .
The exchange current density ݅ for the standard inlet gas, 15/30/55% O 2 /CO 2 /N 2 (1.5* and 2.7* in Table 4 ), shows an increase from 4.0 to 22.7 A·m -2 when the temperature is raised from 600 to 650 °C.
The value of ݅ for oxygen production in the electrolysis cell is in the same order of magnitude as that for oxygen reduction on the NiO porous electrode in fuel cell mode (22.4 A·m -2 at 650 °C) [19] . The reaction orders of oxygen and carbon dioxide at 600-650 °C are determined in Figs 
and at a high CO 2 content it could be expressed as
As discussed above, the partial pressure dependencies obtained in this study are remarkably higher for oxygen than for carbon dioxide. The following reaction paths could probably be the mechanism for the oxygen production reaction in a molten carbonate electrolysis cell, on the basis of the reversed process of oxygen reduction in fuel cell operation (oxygen mechanism I) proposed by Kunz et al. [11] .
It is assumed that (i) reaction (12) of oxygen evolution is the rate-determining step; and (ii) there is a low coverage of oxide ion. Assuming the symmetry factor ߚ = 0.5 for rate-determining step, the theoretical dependency of ݅ on the gas partial pressure is calculated in detail in Appendix and shown as
The theoretical reaction order is 0.875 for oxygen, satisfying well the oxygen partial pressure dependency (0.97-0.80) determined from the experimental data. The theoretical value of -0.25 for carbon dioxide could reasonably fit the reaction order at the high CO 2 concentration, as shown in Eq.
(7). But it does not show agreement with the positive dependence at a low CO 2 content. If assuming the oxygen production as the reversed process of oxygen reduction in molten carbonate salts, the theoretical partial pressure dependencies for oxygen and carbon dioxide would be the same in both the fuel cell and the electrolyzer operations. Makkus [13] reported the values of the reaction order for all the reaction mechanisms for oxygen reduction mentioned in Table 1 . According to Makkus, the exchange current density with a high coverage of ܱ ଶି can be expressed as
The partial pressure dependency of carbon dioxide, ‫ݕ‬ , could be affected by the chemical ‫ܱܥ‬ ଶ ) will progress to produce the oxide ion. However, the theoretical value of 0.75 is still much higher than the experimental result (0.09-0.30), which indicates that reaction steps (8)- (12) with an intermediate coverage of ܱ ଶି could constitute a possible mechanism for oxygen production on the NiO porous electrode at a low CO 2 concentration.
The activation energy for the NiO electrode could be calculated by the Arrhenius' equation, see Table   5 .
For the NiO electrode for oxygen production in MCEC mode with the standard gas, 15/30/55% O 2 /CO 2 /N 2 , the value of the activation energy is 226 ± 1 kJ·mol -1 , which is in the same range as for oxygen reduction in fuel cell operation [24] . The calculated activation energy lies between 278 and 211 kJ·mol -1 when increasing the O 2 concentration from 1.5 to 30%, but it increases from 124 to 229 kJ·mol -1 when varying the CO 2 content from 2.5 to 40%. Gases of low O 2 partial pressure, e.g. 1.5-10% O 2 , exhibit much larger activation energy than those with low CO 2 partial pressure, which means that oxygen appears to have a stronger effect on charge-transfer limitation. That is also evidenced by the higher values of reaction order obtained for oxygen compared to carbon dioxide. As the activation energy is a clue to determine the rate-determining process [25] , it is probable that the NiO electrode is under mixed control at a quite low CO 2 concentration, and is then limited by charge transfer at high plays an important role in oxygen production in MCEC mode. 
Conclusions
Stationary polarization data have been studied for the NiO electrode, as anode in an electrolyzer, under varying gas compositions and temperatures. The slopes of the polarization curves at a low overpotential range were analyzed, assuming the electrode to be under kinetic control. 
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APPENDIX

Determination of Reaction Order
The reaction mechanism for oxygen production in a molten carbonate electrolysis cell follows For this mechanism it is assumed that (i) reaction (A-5) is the rate-determining step; and (ii) there is a low coverage of oxide ion.
At equilibrium, reaction (A-1) can be written
where ߠ is the coverage of the oxide ion (ܱ ଶି ).
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